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A bstract
The r e l a t i o n s h i p  between th e  e l e c t r i c a l  conduc­
t i v i t y  o f  c e r t a in  e l e c t r o l y t i c  s o lu t io n s  and th e  v i s ­
c o s i t y  o f  t h e  s o lv e n t  has been determ ined . T his i s  
th e  f i r s t  t im e t h a t  th e  e f f e c t  cou ld  be s tu d ie d  by 
changing t h e  v i s c o s i t y  a t  a g iv e n  e l e c t r o l y t e  co n ce n ­
t r a t i o n  w ith o u t  making se r io u s  changes in  the io n -  
s o lv e n t  i n t e r a c t i o n .
The system  s tu d ie d  was NaAl(n-butyl)/j. in  c y c l o ­
hexane and n u j o l .  The v i s c o s i t y  was changed by changing  
th e  r e l a t i v e  amounts o f  the two s o lv e n t s .  Both s o l v e n t s  
a re  s a tu r a te d  hydrocarbons and should  have the same 
amount o f  i o n - s o lv e n t  in t e r a c t io n .
The e x i s t i n g  r e la t io n s h ip s  were t e s t e d  and foun d  
to  f a i l  w i t h  the e x c e p tio n  o f  th e  Johnston eq u a t io n ,
A0I
/ I  = c o n s t a n t ,  which was found to  be v a l id  a t  h ig h  
c o n c e n t r a t io n .  Walden's r u le  co u ld  not be t e s t e d  due to  
th e  n e c e s s i t y  o f  working a t  h igh  c o n c e n tr a t io n s .  Seward' 
method f o r  th e  d e term in a tio n  o f  th e  degree of d i s s o c i a ­
t i o n  of an e l e c t r o l y t e  in  s o lu t io n  was found n o t  t o  be 
v a l i d  in  t h i s  s tu d y .
The m ost g e n e r a l  r e la t io n s h ip  th a t  cou ld  be fo u n d  
f o r  t h i s  system  i s  / [  = k2 . The v a lu e  o f  both
c o n s ta n ts  were found to  be independent of c o n c e n tr a t io n  
and were 4 . 0 4  X 10“5 + 0 .7 8  X 10“5 p o ise  and 9 .4 0  X 10“5 
+ 2 .0 2  X 10~5 m ho-poise-cm 2/e q  r e s p e c t i v e l y .
Chapter I 
I n tr o d u c t io n  and Scope 
A ft e r  about 1860 th e  c a r e f u l  study o f  e l e c t r i c a l  
c o n d u c t iv i ty  became p o s s i b l e  b ecause  th e  con cep t of  
e q u iv a le n t  w e ig h ts  had been r e c o g n iz e d .  As a r e s u l t  
s e v e r a l  t h e o r e t i c a l  m odels have been proposed . The 
e a r l i e s t  was g iv e n  by Onsager in  1927 ( 1 ) :
A=Att-2if5-7S  X 1° 5 Z i  + 5 8 . °  ~l U d ) 4 ( 1 . 1 )
I  (DT) 5/ 2 l* (D T ) 8 1
where / \  i s  th e  e q u iv a le n t  c o n d u c t iv i t y ,  th e  eq u iv ­
a le n t  c o n d u c t iv i ty  a t  i n f i n i t e  d i l u t i o n ,  D th e  d i e l e c t r i c  
c o n s ta n t ,  y  th e  v i s c o s i t y  o f  the  s o l u t i o n ,  T the  a b so lu te  
tem perature, Z th e  i o n i c  ch arge , and c the c o n c e n tr a t io n  
in  m ola l u n i t s .  T h is  e x p r e s s io n  was expanded in  1957 by 
fu o s s  ( 2 ) f o r  1:1 e l e c t r o l y t e s  to  g iv e :
A  = ( h A g + P  ) ° ^  + D 'c ln  c + ( J i c  -  J2c 3 / 2 ) ( i  - c ?)
( 1 . 2 )
where
*  = 5.JQJLJ0P 
(D I) ^ 8
and
£  = 5 3« 0 ^_.
(D T )s'p
D' i s  a c o n s ta n t  in d ep en d en t of io n  s i z e ,  th e  c ln  c term 
i s  the  tr a n s c e n d e n ta l  term in  the  r e la x a t io n  f i e l d ,  and 
th e  J ' s  are  f u n c t io n s  o f  io n  s i z e .  These a ttem pt to  
r e l a t e  th e  con ductance to  m easureable io n ,  m o lec u le ,  and 
s o lv e n t  p r o p e r t ie s  such  a s  io n  s i z e ,  number o f  io n s  pre­
s e n t ,  i o n - io n  atm osphere i n t e r a c t i o n s ,  d i e l e c t r i c  c o n s ta n t ,
and v i s c o s i t y .  The f i r s t  th r e e  o f  th e s e  term s must be 
determ ined i n d i r e c t l y  or r e p r e se n te d  by a param eter. The 
l a t t e r  two can be measured e x p e r im e n ta l ly .  However, i t  
h as n o t  been p o s s ib l e  to  determ ine th e  e f f e c t  o f  one o f  
th e s e  v a r ia b le s  w ith ou t changing a t  l e a s t  one or more o f  
th e  o th e r s .
Attem pts to  e v a lu a te  th e  e f f e c t s  o f  d i e l e c t r i c  con­
s t a n t  on c o n d u c t iv i ty  were made by Puoss and Kraus in  a 
c l a s s i c  study begun in  1933 ( 3 ) .  They measured th e  con- • 
d u c t i v i t y  o f  the  tetraisoamylammonium n i t r a t e  in  d io x a n e --  
w ater m ix tu r e s .  Here th e  d i e l e c t r i c  c o n s ta n t  was v a r ied  
from th a t  o f  pure d ioxane ( £  = 2 . 2 ) to  t h a t  of pure water  
( £ = 7 9 ) .  In t h i s  s tu d y , a t  l e a s t  one f a c t o r  th a t  sheds  
some q u e s t io n  on th e  v a l i d i t y  o f  the  in t e r p r e t a t io n s  can 
be d e t e c t e d .  The io n - s o lv e n t  i n t e r a c t io n  between w ater  
and an io n  i s  d i f f e r e n t  than th a t  o f  d ioxane and th e  io n .  
N e v e r th e le s s ,  th e  c o n d u c t iv i ty  changes were a t t r ib u t e d  
s o l e l y  to  th e  d i e l e c t r i c  c o n s ta n t  ch an ges . As a r e s u l t  
of t h i s  s e r i e s  o f  s t u d ie s  Fuoss and Kraus d eveloped  th e  
concept o f  io n  t r i p l e t s ,  io n  q u a r t e t s ,  and h ig h e r  a g g re­
g a t e s  to  e x p la in  th e  observed c o n d u c t iv i ty  r e s u l t s .  These 
co n ce p ts  have n e i t h e r  been proven nor d isp roven  a t  t h i s  
t im e . There has been a r a th e r  e la b o r a te  s e r i e s  o f  e x p e r i ­
ments by Sukhoten ( 4 ) ( 5 ) ( 6 ) on tr a n sp o r t  numbers th a t  tends  
to  q u e s t io n  the  v a l i d i t y  o f  t h i s  c o n c e p t .
The v i s c o s i t y  can be seen  to  occur in  a l l  o f  th e  
t h e o r e t i c a l  eq u a tio n s  f o r  c o n d u c t iv i ty  and t h i s  should
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be ex p ec te d . However, a s e r io u s  d i f f i c u l t y  a r i s e s  when 
th e  e f f e c t s  o f  v i s c o s i t y  on th e  c o n d u c t iv i ty  i s  a ttem pted  
to  be d eterm ined . To change a s o lu t io n  v i s c o s i t y ,  ( ^  ) ,  
i t  i s  n e c e s s a r y  to  vary one or more of th e  f o l lo w in g :  
tem perature , c o n c e n tr a t io n ,  s o lv e n t  or mixed s o lv e n t  
sy stem s. Any one o f  th e s e  w i l l  prevent one from g iv in g  
an unambiguous in t e r p r e t a t io n  of the v i s c o s i t y - c o n d u c -  
t i v i t y  d a ta . I d e a l l y ,  one needs a system in  which th e  
d i e l e c t r i c  c o n s ta n t ,  tem perature, and io n - s o lv e n t  i n t e r ­
a c t io n  remain c o n s ta n t ,  and on ly  v i s c o s i t y  v a r i e s .
The e a r l i e s t  q u a n t i t a t iv e  ex p ress io n  r e l a t i n g  
v i s c o s i t y  and c o n d u c t iv i ty  was g iv en  in  1900 ( 7 ) by 
D u to it  and i 'r e id e r ic k :
A = c o n s ta n t  ( 1 . 3 )
i s  th e  s o lv e n t  v i s c o s i t y .  This, r e la t io n s h ip  has  
been observed  to  h o ld  in  c e r t a in  so lv e n t  system s such as  
a lc o h o l s  and a c e to n e .  No g r e a t  I n t e r e s t  has d evelop ed  f o r  
t h i s  eq u a tio n , p o s s ib ly ’ because of the advent o f  th e  Walden 
eq u a tio n . In 1906, Walden ( 8 ) p resented  a s i m i l i a r  ex­
p r e s s io n :
c o n s ta n t  ( 1 . 4 )
T his e x p r e ss io n  has been of c o n s id e r a b le  i n t e r e s t  and 
h as produced a g r e a t  d ea l  o f  con trovercy  over i t s  v a l i d i t y .  
Bhattacharyya and coworkers (9) stud ing  L i ,  Na, X, Os, 
tetrabutylammonium, and triisoamylbutylammonium c a t io n s  
with, th e  te tr a p h e n y l  anion  in  the  s o lv e n t  system :
4
•THF-ethylene d l c h l o r i d e ,  a c e t o n i t r i l e - c a r b o n  t e t r a c h lo r id e ,  
a c e t o h l t r i l e - d i o x a n e ,  ..and a c e to n i t r i l e - m e th a n o l  rep orted  
th a t  th e  eq u a tio n  i s  v a l i d .  Fuoss and Z w olin ik  (10)  
s tu d ie d  th e  c o n d u c t iv i t y  o f  tetrabutylammonium p ic r a t e  in  
e th y le n e  d ic h lo r id e  and in  o -d ic h lo ro b en zen e  and found  
agreement to  w ith in  about 4$ . ?u oss  and D'Aprano (11)  
s tu d ied  tetrabutylammonium p ic r a t e  in  th e  fo l lo w in g  s o lv e n t  
system s and found e s s e n t i a l  agreement w ith  the r u le :  w a ter-  
m ethanol, w a t e r - a c e t o n i t r i l e ,  w a te r -p -n i t r o a n a l in e ,  w ater-  
d io x a n e . f'uoss and P a r le y  ( 12 ) s tu d ie d  th e  t r i i s o a m y l -  
butylammonium c a t io n  w ith  t e tr a p h e n y lb o r id e ,  p i c r a t e ,  and. 
io d id e  a n io n s  in  a c e t o n i t r i l e - t r i i s o p r o p a n o la m in e  borate  
and found agreem ent to  w ith in  \?o.
In s p i t e  o f  th e  em perica l s u c c e s s e s  o f  the eq u ation  
th e re  h a s ,  however, been c o n s id e r a b le  t h e o r e t i c a l  
ev id en ce  t h a t  wquld i n d i c a t e  t h a t  t h i s  law cannot be 
v a l i d .  Walden's r u le  i s  based on th e  assum ption th a t  
Stokes law (13)  may be a p p lie d  to  io n s  in  s o lu t io n .
Grurney (14)  has o b je c te d  to  t h i s  assum ption on the  
ground th a t  S tok es  law  cannot be v a l id  when a p p lied  to  
io n s  in  s o lu t io n  b ecause  o f  th e  s i m i l a r i t y  in  s i z e  o f  
th e  s o lv e n t  m o le c u le s  and th e  io n s .  This s i m i l a r i t y  in  
s i z e  would a l lo w  a moving io n  g r e a te r  freedom o f move­
ment than would be a llo w ed  to  m acroscopic o b je c t s  f o r  
which S tok es law  was d e r iv e d .
More r e c e n t l y ,  Walden's r u le  has been extended to
th e  form:
A t j  = c o n s ta n t  ( 1 . 5 )
Equation  1 .5  i s  o f  c o n s id e r a b le  i n t e r e s t  i n  th a t  i t  
form s th e  b a s i s  f o r  th e  Seward method ( 15 ) ( 16 ) ( 17)  f o r  
th e  d e te r m in a t io n  of th e  degree o f  d i s s o c i a t i o n  o f  
e l e c t r o l y t e s  in  s o lu t io n  o f  low d i e l e c t r i c  c o n s ta n t .
In t h i s  method, one w r i t e s :
V  - - M r -  ' K 6 )
w ith  y  th e  d eg ree  o f  d i s s o c i a t i o n  and ( ^ e  )0  the  
e q u iv a le n t  c o n d u c t i v i t y - v i s c o s l t y  product o f  any s t a t e  
where one may assume com plete  d i s s o c i a t i o n  o f  th e  e l e c t ­
r o l y t e ,  such a s  a fu se d  s a l t  or a t  i n f i n i t e  d i l u t i o n .
One assum es t h a t  eq uation  1 .5  i s  c o r r e c t  and th a t  th e  
observed  d e v ia t io n s  in  t h e ^ ^  product from the  
product a r e  due to  d i f f e r e n c e s  in:;the d eg re e  of d i s s o ­
c i a t i o n  o f  th e  e l e c t r o l y t e .
There have been many a ttem p ts  to  d isp r o v e  eq u ation  
1 .5 .  They each have , however, been s u b j e c t  to  c r i t i c i s m
a s  to  th e  v a l i d i t y  o f  th e  in t e r p r e t a t io n  g iv e n  to  the
exp er im en ta l r e s u l t s .  S tok es (18)  has used  a method t h a t  
would appear to  be v a l id  excep t f o r  two c o n s id e r a t io n s .
He has s tu d ie d  th e  system : w a te r -su cro se -K C l. The v i s c o s ­
i t y  was changed a t  a p a r t ic u la r  e l e c t r o l y t e  c o n c e n tr a t io n  
by changing th e  amount o f  su c r o se .  The su cr o se  c o n c e n tr a ­
t i o n  was v a r ie d  from 0;t to  6 0 $ ,  Equation  1 .5  was found to
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f a i l  by a s  much a s  \OOfo. S to k es , however, overlooked  
two major e f f e c t s  in  th e  u se  o f  s u c r o s e .  .F ir s t ,  th ere  
i s  the  e f f e c t  o f  th e  la r g e  d i f f e r e n c e  in  the s o lv a t in g  
a b i l i t y  o f  th e  s o lv e n t  a s  th e  su cr o se  c o n c e n tr a t io n  i s  
in c r e a s e d .  The major e f f e c t  w i l l  be on the c a t io n .
While both su c r o s e  and w ater  c o n ta in  hydroxyl groups, 
one should  n o t  ex p ec t  th a t  they  p o s s e s s  equal s o lv a t in g  
a b i l i t y .  Q uite to" th e  co n tra r y ,  one would exp ect  water  
to  be much more e f f i c i e n t  in  s o lv a t in g  the c a t io n .  And 
second, he o v er lo o k ed  th e  d i f f e r e n c e  in  d i e l e c t r i c  con­
s t a n t s  f o r  s u c r o s e  and water:- th a t  o f  su crose  being of  
the order o f  3 w h ile  th a t  o f  water i s  80 . C onsidering  
th e se  two e f f e c t s ,  one c e r t a i n l y  would not exp ect  th a t  
equation  1 .5  would app ly  in  t h i s  c a s e .
The work o f  Koveko and coworkers i s  an i n t e r e s t i n g  
example o f  an erroneous in t e r p r e t a t io n  o f  data when one 
f a i l s  to c o n s id e r  a l l  e f f e c t s  ( 1 9 ) .  They concluded th a t  
Walden's r u le  was not v a l i d  because HC1 in  e t h y l ,  p rop yl,  
n -b u ty l ,  i s o b u t y l ,  and isoam yl a lc o h o l s  did n o t  obey th e  
r u le .  They had over look ed  the  d i f f e r e n c e  in  the  mechan­
ism o f  c o n d u c t iv i t y  in  t h i s  c a se ,  namely the proton jump 
mechanism w i l l  be o p e r a t iv e  in  th e s e  c a s e s .
Debus (20)  h a s  changed the v i s c o s i t y  o f  the s o lu t io n  
by changing th e  tem perature . But a g a in  one must p o in t  
out th a t  th e  e f f e c t  o f  tem perature changes on the io n -  
s o lv e n t  i n t e r a c t i o n  h as n ot been c l e a r l y  e s ta b l is h e d  and
th e r e f o r e  t h i s  work i s  o f  q u e s t io n a b le  v a l i d i t y .
Another e m p ir ic a l  r e la t io n s h ip  has been g iv e n  in  
1909 by Johnston  ( 21 ) :
y  = c o n s ta n t  ( 1 . 7 )
where n i s  a c o n s ta n t .  Pospokov has found t h i s  equation  
to  be v a l id  in  a study o f  SbBr-j and AlBr^ in  to lu e n e  
( 2 2 ) ,  when th e  mole p erc en t  o f  s a l t  was above 29. The 
eq u ation  f a i l e d  co m p le te ly  w ith  th e s e  s a l t s  in  n i t r o ­
benzene.
Whether f j  or ^  shou ld , be used in  eq u a tio n s  r e la t in g  
v i s c o s i t y  and c o n d u c t iv i ty  has n o t  been d ec id ed  on the  
b a s i s  o f  exp er im en ta l ey id en ce  f o r  co n ce n tra ted  s o lu t io n s ,  
however, Puoss and Kraus (23) have s ta te d  th a t  one should  
u se  th e  s o lu t io n  v i s c o s i t y ,  ^  , in  t h e o r e t i c a l  m odels.  
There i s  a t h e o r e t i c a l  eq u ation  which r e l a t e s  th e  two 
v i s c o s i t i e s  ( 24) :
^  = 1 + Ac '̂ + Be ( 1 . 8)
where A i s  a c o n s ta n t  r e l a t i n g  to  th e  i n t e r i o n i c  e f f e c t s  
and has been ev a lu a te d  by t h e o r e t i c a l  m ethods. B i s  a 
c o n s ta n t  dependent on th e  n atu re  o f  th e  in d iv id u a l  io n s  
and s o lv e n t  m o le c u le s .  I t  i s  a t t r ib u t e d  to  io n - s o lv e n t  
in t e r a c t io n .
I t  i s  c l e a r  th a t  in  order to  t e s t  th e  v a l i d i t y  of  
any e x p r e ss io n  one must study a system  w i t h - c o n s i s t e n t  
i o n - s o lv e n t  i n t e r a c t i o n  and th a t  changes in  the  v i s c o s i t y  
do n o t  r e s u l t  in  any change in  t h i s  i n t e r a c t i o n .  In
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order to  change th e  v i s c o s i t y  a mixed s o lv e n t  can be u sed .  
However, to  avoid  th e  p re v io u s  p i t f a l l s ,  i t  i s  n e c e ssa r y  
th a t  th e  d i e l e c t r i c  c o n s ta n t  o f  each o f  th e  s o lv e n t  
components be e s s e n t i a l l y  th e  same a s  w e l l  as th e  e x te n t  
o f  io n - s o lv e n t  i n t e r a c t i o n .  A system  t h a t  f i t s  th e  r e ­
quirem ents i s  one u s in g  cy c lo h ex a n e  (^  = 2 .0 5  (2 5 )) and 
n u jo l  (£  = 2 . 13  ( 2 6 ) ) _ a s  s o l v e n t ,  w ith  NaAl(n-butyl)/j. a s  
th e  e l e c t r o l y t e .  S a l t s  o f  t h i s  ty p e  are  very  unique and 
are  p a r t i c u l i a r l y  w e l l  s u i t e d  f o r  t h i s  ty p e  o f  s tu d y .
They p o s s e s s  a very  sm all c a t io n  and a very  la r g e  a n io n ,  
and t h e r e f o r e ,  a much la r g e r  t r a n s fe r e n c e  number f o r  the  
c a t io n .  We may now make la r g e  changes in  th e  v i s c o s i t y  
o f  th e  s o lv e n t  or s o lu t io n  w ith o u t  changing the io n -  
so lv e n t  in t e r a c t io n  to  any a p p r e c ia b le  e x t e n t .  This i s  
due to  th e  f a c t  th a t  th ey  a re  both sa tu r a te d  hydrocarbons  
and i t  i s  rea so n a b le  to  assume th e  sa tu r a te d  0-C and C-H 
sigma bonds w i l l  show th e  same i o n - s o l v e n t  e f f e c t s .
One has a l s o ,  in  p r i n c i p l e ,  a method to  determ ine  
i f  th e  s o lu t io n  i s  behaving in  an i d e a l  manner, th a t  i s ,  
i f  th e  degree o f  i n t e r a c t i o n  o f  th e  e l e c t r o l y t e  w ith  
th e  s o lv e n t  i s  th e  same in  cy c lo h ex a n e  and in  n u j o l .
Using E i n s t e i n ' s  r e l a t i o n  ( 27) :
where <p i s  th e  volume f r a c t i o n  o f  th e  e l e c t r o l y t e ,
th e  s o lu t io n  i s  behaving i n  an i d e a l  manner one would
(1.9*)
one may determ ine ^  f o r  d i f f e r e n t  s o lv e n t  m ix tu r e s .  I f
ex p ect  ( p  to  remain c o n s ta n t  in  a l l  s o lv e n t  p ro p o rtio n s  
a t  a g iv e n  e l e c t r o l y t e  c o n c e n tr a t io n .
This work p erm its  a study in  the  h ig h e r  co n ce n tra ­
t i o n  r e g io n s ,  but due to  l i m i t s  o f  equipment and th e  low  
c o n d u c t iv i ty  o f  N aA l(n -buty l)^ ., l i m i t i n g  laws cannot be 
t e s t e d .  However, i t  i s  p o s s ib l e  to  determ ine th e  v a l i d i t y  
o f  th e  proposed e m p ir ic a l  eq u a t io n s  in  t h i s  r e g io n  f o r  
th e  f i r s t  tim e and th ereb y  g i v e  an e v a lu a t io n  o f  the  
Seward method f o r  d eterm in ing  th e  e x te n t  of io n  a s s o c i ­
a t io n .
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Chapter I I  
E xperim ental Apparatus and P rocedures
A. Apparatus
S o lu t io n s  were prepared in  a dry box d esign ed  to  
exclude oxygen, w ater vapor, and o r g a n ic  v a p o rs . A 
b lock  diagram of th e  box i s  shown in  F ig u r e  2 . 1 .  The 
copper fu r n a c e ,  to  e l im in a te  oxygen, was hand wound and 
op erated  in  th e  tem perature range o f  200-250  deg 0. I t  
was reg en era ted  approxim ately  every o th e r  day by p a ss in g  
hydrogen gas over the  h o t  copper. M olecu lar  s i e v e s ,  
typ e  5A, were used  to  trap  water v a p o r .  They were r e ­
gen era ted  by h e a t in g  and f lu s h in g  w ith  n itr o g e n  a p p r o x i­
m ately  every o th e r  day. A by-p ass was i n s t a l l e d  around 
th e  m olecu lar  s i e v e s  to a l lo w  r e c y c l in g  o f  box g a s  during  
th e  p ro cess  o f  r e g e n e r a t io n  o f  the  m o le c u la r  s i e v e s .  
Organic vapors were trapped in  a dry i c e  trap f i t t e d  
w ith  a v a lv e  to  a l lo w  d a i ly  d r a in in g .  The box g a s  was 
t e s t e d  r e g u l a r i l y  w ith  A1( e t h y l ) j .  S a t i s f a c t o r y  perform­
ance was reached when one cou ld  o b se r v e  only a w isp  of  
smoke from A l ( e t h y l ) ^ .  The box and p o r t  were equipped  
w ith  vacuum and n itr o g e n  f lu s h in g  equipm ent.
S o lv e n ts  of reagen t q u a l i ty  were d i s t i l l e d  over  
LiAlH^. w ith  a f i v e  fo o t  f r a c t io n a t i o n  column packed w ith  
g l a s s  h e l i c i e s .  E ighty p ercen t  o f  th e  d i s t i l l a t e  was 
retu rn ed  to th e  column by means o f  a v a r ia b le  c o l l e c t i o n  
head. The r e c e iv e r  contained sodium w ir e ,  and was
P i g u r e  2 .1  
Dry b o x  c i r c u l a t i o n  s y s t e m
! '
(
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connected  to  th e  column w ith  a g l a s s  tube and s to p co ck .
%
The s t i l l  was c o n s ta n t ly  purged w ith  n itr o g e n  gas which  
passed  through th e  copper oven . N ujol cou ld  n o t  be 
d i s t i l l e d  in  t h i s  way. The p u r ity  o f  th e  cyc loh exan e  
was t e s t e d  w ith  an Aerograph model A-90P gasechrom ato-  
graph w ith  a 20 f o o t  column o f  "Oarbowax 20M".
A l l  measurements were made a t  2 5 .0 0  + 0.01 deg.O. 
u sin g  an E. H. Sargent Oo. "Thermoneter" c o n tr o l le d  
tem perature bath and were m onitered  w ith  a Beckmann 
thermometer. Coolant f o r  th e  c o n s ta n t  tem perature bath  
was provided by an E. H. Sargent Co. number 3-84890  
Water Bath C ooler .
C on d u ctiv ity  measurements were made w ith  a Leeds 
and Northrup Co. model 4666 Jones M odified  C o n d u ctiv ity  
B rid ge. A H ew lett Packard model 200D audio o s c i l l a t o r  
and a G eneral Radio Co. typ e  1231-A Tuned A m p lif ie r  and 
N u ll D etec to r  were used in  c o n ju n c t io n  w ith  th e  b r id g e .  
The o s c i l l a t o r  was operated  a t  3000 c y c l e s / s e c  and th e  
output to  th e  bridge was 0 .5  rms v o l t s .  An I n d u s t r ia l  
Instrum ents Co. model EC-16 b r id ge  was a l s o  used f o r  
t e s t i n g .  I t  has an upper l i m i t  o f  2 .5  meg. ohms.
Two c o n d u c t iv i ty  c e l l s  were u sed . The c e l l  con­
s t a n t s  were 0 .0 1 042_and 0 .0 3 4 3 2 . The c e l l s  were 
stan d ard ized  w ith  XC1 s o lu t io n s  o f  known s p e c i f i c  con­
d u c t i v i t y .  The c e l l s  were o f  standard  d e s ig n  m od ified  
to  accomodate 3/3" x 1/ 2 " m agnetic s t i r r i n g  bars and
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were f i t t e d  w ith  in n e r  $ 24 /40  ground g l a s s  J o in t s .  
S t ir r in g  was accom plished  by a m agnetic s t i r r e r  sub­
merged in  th e  c o n s ta n t  tem perature bath . The s t i r r i n g  
was n e c e s s a r y  to  e l im in a te  the  Sorret  e f f e c t  which 
g i v e s  random f l u c t u a t i o n s  in  r e s i s t a n c e  v a lu e s  ( 28 ) .
D e n s i t i e s  were measured w ith  pycnom eters. V isco s4  
i t i e s  were measured w ith  Oannon-Fenske v is c o s im e te r s  
equipped w ith  s to p co ck s  on both arms. They were f i l l e d  
w ith  10 ml o f  s o lu t io n  u s in g  hypodermic s y r in g e s .  The 
v i s c o s im e t e r s  were operated  w ith  the system  shown in  
F igu re  2.-2 and were timed w ith  a P r e c is io n  S c i e n t i f i c  Go. 
" T im e - itM t im er  a c c u r a te  to  0 .1 second.
B. P rep aration  o f  Compounds
N a A l ( n - b u t y l w a s  prepared in  the  fo l lo w in g  manner. 
In a dry box, 34 g o f  sodium m etal and 400 ml o f  d i s t i l l e d  
to lu e n e  were p la ced  in  a 1000 ml round bottom th r e e  neck  
f l a s k .  The f l a s k  had fo u r  in d e n t io n s  in  th e  s id e s  to  a id  
s t i r r i n g .  One hundred f o r t y  ml o f  A l(n -b u ty l)^  su p p lied  
by Texas A lk y ls  I n c . ,  approxim ately  104 g ,  were p laced  
in  a 250 ml dropping fu n n e l equipped w ith  a by-pass v en t  
l i n e .  These p ie c e s  were then removed from the dry box 
and s e t  up in  a fume hood as shown in  F igure 2 . 3 .  The 
f l a s k  c o n ta in in g  th e  sodium and to lu e n e  was f i t t e d  w ith  
a h e a t in g  m an tle . The dropping fu n n e l was a ttach ed  to  
one o u t s id e  neck  o f  th e  f l a s k  and a West type condenser  
to  th e  o th e r  o u t s id e  neck . A n itr o g e n  bubbler was
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f i g u r e  2 . 2
V i s c o s i m e t e r  c o n t r o l  s y s t e m
= ^ 0 — v e n t
i n l e t
v i s c o s i m e t e r 5 Kg m a n o m e te r
F i g u r e  2 . 3
S y n t h e s i s  A p p a r a t u s
i n l e t
a t tached  a t  the  top o f  :.the con d en ser .  A L ab l in e  
"Stir-O-Vac" s e r i a l  number 1280 h igh  speed s t i r r e r  was 
placed  in  the  c e n t e r  neck .  The s t i r r e r  was d r iven  by a 
S k i l  model 146 Hand Grinder m otor .  The h e a t in g  mantle  
was s e t  a t  60 v o l t s ,  s u f f i c i e n t  to r e f l u x  th e  t o lu e n e .  
The s t i r r e r  was operated  a t  ap pro x im a te ly  11 ,000  rpm.
About 1£ hours a f t e r  th e  sodium has m e l ted ,  the  
sodium d i s p e r s io n  i s  a gray c o l o r .  At t h i s  t im e the  
A l( b u ty l )^  was added s lo w ly ,  ap pro x im a te ly  100 drop/min  
the  e n t i r e  a d d i t io n  ta k in g  ab out  1 |  h o u r s .  At f i r s t  
the  d i s p e r s io n  tu r n s  p a le  p ink  g r a d u a l ly  g e t t i n g  darker  
u n t i l  i t  i s  b lack .  A f t e r  about  3 h o u r s ,  the  c o lo r  d i s ­
appears and one n o t e s  beads o f  sodium in  the  m ixture .  
The r e f l u x i n g  was co n t in u ed  f o r  6 hours  a f t e r  the  l a s t  
of the  A l ( b u t y l )-5 had been added .  At t h i s  t ime the  
system was q u ick ly  d isa s se m b le d  and th e  f l a s k  s e a le d  
with  g l a s s  s to p p e r s .  I t  was a l lo w e d  t o  c o o l  over n ig h t
In a dry box, th e  m ix tu re  was f i l t e r e d  in t o  a 1000 
ml f i l t e r  f l a s k  u s in g  a f i n e  g l a s s  f r i t t  f i l t e r  f u n n e l .  
The f i l t e r  fun ne l  was covered  w ith  a b a l lo o n  made o f  
Dow Chemical Go. "Saran-Wrap" to  prevent  c o n t a c t  with  
the  box g a s .  The f i l t r a t i o n  t a k e s  about 6 hours and 
y i e l d s  a c l e a r ,  p a le  y e l lo w  s o l u t i o n .  This  s o l u t i o n  
i s  t r a n s fe r e d  to  a 500 ml round bottom f l a s k .  The neck  
i s  connected  to  a vacuum l i n e  by means o f  an inner  
ground g l a s s  a d a p te r .  The t o l u e n e  i s  d i s t i l l e d  from
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th e  f l a s k  w ith  the a id  o f  a h e a t in g  m a n t le .  I n i t i a l l y  
th e  h e a t in g  mantle was s e t  a t  25 v o l t s ,  a f t e r  1|  hours  
i t  was r a i s e d  t o  35 v o l t s  and then  to 40 v o l t s  a f t e r  2 
more hours .  The procedure i s  co n t in u ed  fo r  an oth er  8 
hours or u n t i l  no bubbles  are no ted  when one shakes t h e  
f l a s k .  The h e a t in g  m ant le  i s  n e v er  s e t  over 40 v o l t s .
The h e a t in g  mantle i s  th en  turned o f f  and t h e  system  
a l low ed  to  s ta n d  under vacuum f o r  12 hours  a t  which t ime  
a p a le  yel low-brown s o l i d  i s  formed. This, i s  the  d e s i r e d  
prod uct .  I t  was re m e lted  and t r a n s f e r e d  to a s to ra g e  
f l a s k  equipped with  an in n e r  ground g l a s s  j o i n t .  The 
m e lt in g  p o in t  was 3 9 . 5 - 4 0 . 0  deg.G.
iIaAirC4 H^)-j(00^H^) was prepared by r e a c t i n g  1- b u ta n o l  
w ith  lfa metal  i n  a f i l t e r  f l a s k  to  form sodium b u to x id e .  
The e x c e s s  butanol was vacuum evaporated  to y i e l d  a y e l l o w  
powder. This was r e a c t e d  in  t h e  same f i l t e r  f l a s k  w ith  
A l ( b u t y l i n  a 1:1 molar r a t io  to  form the d e s i r e d  p ro­
d u ct .
The cyc lohexane was reagen t  grade purchased from 
Matheson, Coleman, and B e l l .  The n u j o l  was purchased  
from Plough I n c . ,  and was s to red  over sodium w ire .  The 
t o lu e n e  was re a g en t  grade from J .  T. Baker Ohemical Co.,  
and th e  sodium was from M a l l in k ro d t  Chemical tforks. The 
1- b u ta n o l  was rea g en t  grade purchased from P is c h e r  
S c i e n t i f i c  Go.
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0.  Experimental Procedures
The pycnometers each had volumes o f  approximately  
25 ml.  The e x a c t  volume was measured by u s in g  t r i p l y  
d i s t i l l e d  w ater  a s  a standard of  d e n s i t y .  The pycno­
m eters  were weighed each t ime b e fo re  u s e .  Each weighing  
was on a M e t t l e r  model H6 s i n g l e  pan b a la n c e ,  M ett ler  
Instrum ents  I n c . ,  i n s i d e  the  dry box.
The v i s c o s i m e t e r s  were c a l i b r a t e d  w ith  sucrose  
water s o l u t i o n s  o f  known v i s c o s i t y  ( 2 9 ) .  The v i s c o s i -  
m eter c o n s t a n t ,  k ,  d e f in e d  as :
k = t f / f * *  ( 2 .1 )
where fj i s  the  v i s c o s i t y  in  m i l l i p o i s e ,  ^  i s  the  
d e n s i t y  i n  g/cm^, and t  i s  the t ime i n  seconds ,  was 
determined f o r  each v i s c o s i m e t e r .  Most measurements 
were made w ith  two v i s c o s i m e t e r s ,  s i z e  10 0 , w ith  k v a lu e s  
of  0 .1 6 1 9  and 0 .1 3 7 5  m i l l i p o i s e - c m ^ / g - s e c  r e s p e c t i v e l y ,  
a lthough  a s i z e  150 v i s c o s i m e t e r  w ith  a k v a lu e  of  
0.4091 m i l l i p o l s e - c m V s - s e c  and a s i z e  2 0 0 , k = 1.071 
m i l l i p o i s e - c m V s - s e c  were a l s o  u sed .  In g e n e r a l ,  v i s c o s ­
i t y  v a l u e s  were reproducab le  to  w i t h in  about + 1/« when 
from 5 to  20 t im e v a lu e s  were taken f o r  each measurement, 
the  number o f  t im e s  being sm all  when th e r e  was c l o s e  
agreement and l a r g e r  number o f  t im es  when the  in t e r n a l  
agreement was n o t  a s  good.
O o n d u c t iv l ty  c e l l  c o n s t a n t s  were determined using  
the  method o f  Euoss ( 3 0 ) to  c a l c u l a t e  the  s p e c i f i c
c o n d u c t i v i t y  of  the  KCl-water s o lu t io n . -  The s p e c i f i c  
c o n d u c t i v i t y ,  X  , i s  d e f in ed  as :
K  = y / aR (2 -2 )
where y i s  th e  d i s t a n c e  between the  e l e c t r o d e s  i n  cm.,  
a i s  th e  area  o f  th e  e l e c t r o d e s  i n  cm2 . ,  and R i s  the  
r e s i s t a n c e  in  ohms. The u n i t s  o f  X  are  ohm"1cm"1 or  
mho-cm“ 1 . The c e l l  c o n s ta n t ,  k i s :
k = y / a  ( 2 .3 )
and has  u n i t s  o f  cm"1 . The s p e c i f i c  c o n d u c t i v i t y  i s  then
X = k / R ( 2 .4 )
The e q u iv a le n t  c o n d u c t i v i t y  i s  d e f in e d  as :
/ \  = 1000 ( 2 .5 )
o r
/  = 1000 3c (2 .6)
cR
where c i s  the  number o f  e q u i v a l e n t s / l i t e r .  / \  h as  u n i t s
o f  mho-cm^/eq. Only ̂  w i l l  be reported  i n  each c a s e .
A s to c k  s o l u t i o n  was prepared f o r  each s e r i e s  o f  
runs a t  a g iv e n  c o n c e n t r a t io n .  The c o n c e n t r a t io n  o f  the  
s to ck  s o l u t i o n  was e x a c t l y  tw ic e  t h a t  d e s ir e d  f o r - t h e  
s o l u t i o n s  to  be measured. The amounts o f  compound needed  
to  make the  d e s i r e d  c o n c e n t r a t io n  was c a l c u l a t e d .  In 
the  dry box, th e  a p p ro p r ia te  s i z e  v o lu m etr ic  f l a s k  
w ith  s to p p er  was weighed to  w i t h in  + 0.01 g on an Ohaus 
S ca le  Oorp. model 311, t r i p l e  beam b a la n ce .  The w eigh t  
was recorded ,  then the  balance was s e t  1 g below the
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d e s i r e d  f i n a l  w e ig h t .  The UaAl(b u t y l ) ^ was melted  and 
poured r a p i d l y  in t o  the  v o lu m e tr ic  f l a s k  u n t i l  th e  beam 
moved. The o p e r a t io n  was performed as  r a p id ly  a s  pos­
s i b l e  to  minimize th e  c o n t a c t  o f  the box g as  and the  
m o lten  compound. The v o lu m etr ic  f l a s k  was q u ic k ly  
s toppered  and weighed a c c u r a t e l y .  The d i f f e r e n c e  in  
w e ig h t s  was then  used  to  c a l c u l a t e  the c o n c e n tr a t io n .
The v o lu m e tr ic  f l a s k  was f i l l e d  to  the mark with  c y c l o -  
hexane.
T est  s o l u t i o n s  were prepared by p i p e t t i n g  50 ml 
o f  th e  s t o c k  s o l u t i o n  i n t o  a 100 ml vo lu m etr ic  f l a s k .
The a p p r o p r ia te  amount o f  cyc lohexane  to  make the  d e s ir e d  
s o l u t i o n  was then  p i p e t t e d  i n t o  the  f l a s k .  The f l a s k  
was then  f i l l e d  to th e  mark w ith  n u j o l .  An exp lan at ion  
o f  t h i s  procedure seems a p p r o p r ia te .  The cyc lohexane  
s to c k  s o l u t i o n - c y c l o h e x a n e - n u j o l  system i s  n o t  e x a c t ly  
i d e a l  w i th  r e s p e c t  to  a d d i t i v i t y  of  volumes. Because i t  
i s  n e c e s s a r y  to  know the f i n a l  co n c e n tr a t io n  or a t  l e a s t  
have th e  same f i n a l  c o n c e n t r a t io n  f o r  each s o l u t i o n  in  
a g iv e n  s e r i e s ,  i t  was d ec id ed  t h a t  one must u se  the  
method d e s c r ib e d  r a th e r  than a l s o  measuring the approp­
r i a t e  volume o f  n u j o l  to  make 100 ml with  th e  assumption  
o f  i d e a l  a d d i t i v i t y .  One i s  then  caut ioned  th a t  the  
p e r c e n t  cy c lo h ex a n e  f i g u r e  t h a t  w i l l  be c i t e d  l a t e r  i s  
on ly  an approximate f i g u r e  and i s  not  expected  to  have 
a g r e a t  d e a l  o f  p h y s i c a l  s i g n i f i c a n c e .
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A fter  c a r e f u l  shaking to in s u r e  m ix in g ,  the s o l u t i o n  
was q u ick ly  t r a n s fe r e d  to  the  pycnometer and the  co n ­
ductance c e l l .  The d e n s i t y  was measured i n  the  manner 
p r e v io u s ly  d escr ib ed .  Ten ml o f  th e  s o l u t i o n  was t r a n s -  
f e r e d  from the pycnometer t o  t h e  v i s c o s i m e t e r  u s in g  a 
10 ml hypodermic s y r in g e .
For conductance measurements ,  a f t e r  5 hours  i n  the  
c o n s ta n t  temperature bath  w ith  s t i r r i n g ,  th e  r e s i s t a n c e  
was measured. The s t i r r e r  was turned o f f  10 minutes  
b efo re  the measurement was made and turned on again  
immediately a f terw ard .  S i m i l i a r  re a d in g s  were made every  
hour f o r  a t  l e a s t  the n e x t  two hours and in  some c a s e s  
l o n g e r .  The average d e v i a t i o n  o f  t h e s e  r e a d in g s  was in  
g e n e r a l  l e s s  than 0.2/o. An average  v a lu e  was used i n  the  
c a l c u l a t i o n s .  A f t e r  c o m p le t io n  of  a run th e  equipment 
was washed with  d e t e r g e n t  and w a te r ,  r in s e d  w ith  d i s t i l l e d  
water and f i n a l l y  r i n s e d  w ith  a c e t o n e ,  w ith  the  excep t ion  
of  the c e l l s  and v i s c o s i m e t e r s  which were washed w ith  
a ce to n e  o n ly .  The equipment was d r ie d  over  n ig h t  i n  a 
130 deg .  0 . oven and were n e v e r  used t w ic e  i n  one day.
The v i s c o s i t i e s  o f  th e  pure s o lv e n t  m ix tu res  were  
ob ta in ed  in  a s i m i l i a r  manner t o  t h a t  used  f o r  the s o l u ­
t i o n s  but w ithout  the a d d i t i o n  o f  the  s a l t .
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Chapter I I I  
Experimental R e s u l t s  
Each s e r i e s  o f  measurements a t  a  g iv e n  c o n c e n t r a t io n  
requ ired  a d i f f e r e n t  batch of EaAl(b u t y l )4.. The amount 
of NaAl(b u t y l ) 3 ( b u to x id e)  i n  t h e  sample v a r ie d  i n  each 
case  due to  the f a c t  th a t  the amount o f  butoxide  p res en t  
in  th e  s t a r t i n g  m a t e r ia l  v a r i e d  and t h e  amount formed 
during the s y n t h e s i s  a l s o  v a r i e d .  I t  was im p o s s ib le  
to s e p a r a te  the mono butox ide  from th e  NaAl ( b u t y l ) 4. a f t e r  
i t  had been formed. A s a t u r a te d  s o l u t i o n  o f  the mono- 
butox ide  i n  cyc lohexane gave no measureable  c o n d u c t i v i t y .  
One cannot,  t h e r e f o r e ,  know th e  exac t  c o n c e n t r a t io n  of  
the  conducting- s p e c i e s  i n  a g iv e n  "concentration"  s o l u t i o n .  
This h as  had the u n fo r tu n a te  concequence th a t  i t  makes 
an a c c u r a te  comparison between d i f f e r e n t  s a l t  co n ce n tra ­
t i o n s  i n  s i m i l i a r  s o l v e n t  m ix tu r e s  im p o s s i b l e .  One can 
a t  b e s t  ex p ec t  to  s e e  g e n e r a l  t ren d s  and make comparisons  
a t  a g iv en  c o n c e n tr a t io n  on ly  and should  n o t  exp ec t  to 
be su r p r is e d  when f in d in g  apparent  r e v e r s a l s  i n  t r e n d s .
In a d d i t i o n ,  due to  the procedure o f  u s in g  a s to c k  
s o l u t i o n ,  i t  was im p o s s ib l e  to r e p e a t  measurements th a t  
appear to  be g r o s s l y  in e r r o r .  Such measurements are  
i n d i c a t e d  by an a s t e r i s k  (■**•). S ix  s e r i e s  were made and 
the exper im enta l  r e s u l t s  w i l l  be found in  Tables  5 .1 » 3 . 2 ,  
3 . 3 ,  3 . 4 ,  3 . 5 ,  and 5 . 6 . One can only e s t im a te  the  error  
i n  th e  c o n d u c t iv i t y  v a lu e s  due to  d i f f e r e n t  amounts of
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T ab le  3.1
D e n s i t y ,  v i s c o s i t y ,  and c o n d u c t i v i t y
NaAl( b u t y l )^ i n  c y c lo h e x a n e -n u jo l ,  0 .1 4 7  molar
p e rc en t d e n s i t y v i s c o s i t y A x  i o |
cy c lo h ex a n e (g /m l) ( m i l l i p o i s e ) (mho-cm2 )
100 0 .7 7 0 5 . 11 . 60* 1.449
99 0 .7 71 8 14.57 1.390
98 0 .7723 14.43 1 .326
97 0 .7 7 3 8 14.63 1.300
96 0 .7 7 3 8 15.52 1.243
95 0 .7 7 5 0 15.50 1.196
94 0.7771 15.92 1 .140
93 0 .7 7 7 8 16.32 1.117
90 0 .7 8 0 3 17 .64 0.975
85 0 .7 3 7 4 21 .17 0.748
Table 3 . 2
D e n s i t y ,  v i s c o s i t y , and c o n d u c t iv i ty
jtfaAl( b u t y l ) ^ in  c y c lo h e x a n e - n u jo l ,  0 .1495  molar
p e r c e n t  d e n s i t y v i s c o s i t y A x  1o |
cy c lo h ex a n e  (g /m l) ( m i l l i p o i s e ) (mho-cm )
100 0 .7 7 1 4 11 .73 1 .600
95 0 .7 7 6 3 12.10 1 .293
90 0.7821 14.41 1 .028
85 0 .7 3 7 8 17.40 0 .7 6 4
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Table 3 ,3
D e n s i ty ,  v i s c o s i t y ,  and c o n d u c t iv i t y
NaAl( b u t y l )4 i n  c y c lo h e x a n e - n u jo l ,  0 .1 5 2  molar
p ercent d e n s i t y V i s c o s i t y / x  103
cyc lohexane (g /m l) ( m i l l i p o i s e ) (mho-cm^)
100 0 .7 6 9 4 13 .36 9 .2 0 5
98 0 . 7 7 . 4 13 .73 3 .519
97 0 .7 7 2 7 14 .49 8 .3 2 3
96 0 .7 7 3 8 1 4 .8 3 7.871
95 0.7771 1 5 . 81* 7.75194 0 .7 782 15 .75 7 .6 6 0
90 0 .7 8 0 4 18 .10 6 .8 2 0
85- 0 .7 8 8 2 2 0 .3 0 5 .4 5 8
Table 3 . 4
D e n s i t y ,  v i s c o s i t y ,  and c o n d u c t i v i t y
NaAl( b u t y l )4 in  c y c lo h e x a n e - n u j o l ,  0 . 1 6 2 2  molar
p ercent d e n s i t y v i s c o s i t y A X log
cyc lohexane ( s /m l) ( m i l l i p o i s e ) (mho-cm2 )
100 0 .7 7 0 9 13 .93* 1 .957
99 0 .7 7 4 4 13.43 1 .917
98 0 .7 7 4 2 14 .26 1.843
97 0 .7 7 5 0 1 4 .4 4 18 .16
96 0 .7 7 5 6 14 .96 1 .733
95 0 .7 7 6 6 15.19 1 .679
94 0 .7 7 7 8 15 .72 1 .634
93 0 .7 7 9 8 16 . 08 1 .540
90 0 .7 3 2 2 18.01 1 .393
85 0 .7 9 0 2 2 0 .8 5 0 .9 9 0
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T able  3 . 5
D e n s i ty ,  v i s c o s i t y ,  and c o n d u c t i v i t y
K aA l(buty l)^  in  c y c lo h e x a n e - n u jo l ,  0 .1 7 0 5  molar
p erc e n t d e n s i t y v i s c o s i t y A x 102
cyc lohexane (g /m l) ( m i l l i p o i s e ) (mho-cm2 )
100 0 .7 7 2 2 13.37 3 .0 0 5 *
95 0 .7 7 8 4 13 .32* 3 .403
so 0 .7 8 4 6 15 .83 2.691
85 0 .7 8 7 9 18.93 1 .845
Table 3 . 6
D en s i ty ,  v i s c o s i t y ,  and c o n d u c t i v i t y
N a A l ( b u t y l i n  c y c lo h e x a n e - n u jo l ,  0 .2 3 0  molar
p erc en t d e n s i t y v i s c o s i t y A  x 102
cyc loh exan e (g /m l) ( m i l l i p o i s e ) (mho-cm^)
100 0 .7 5 5 8 14.43 1 .755
95 0 .7 6 1 9 19.07* 1 .493
90 0 .7 3 5 2 22 .49 1 .338
35 0 .7 8 7 8 25 .03 0 . 9 2 2
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conducting  s p e c i e s  and the  exp er im en ta l  error i n  
s o l u t i o n  p r e p a r a t io n .  A very c o n s e r v a t iv e  e s t im a t e  would 
be + 1 fo.
The v i s c o s i t i e s  o f  the pure s o l v e n t s  are presented  
i n  Table 3.7* The exper im enta l  e r r o r  i n  the v i s c o s i t y  
measurements i s  + 1;&.
The r e s u l t s  o f  measurements o f  v a r io u s  c o n c e n tr a t io n s  
o f  NaAl( b u t y l ) 4. from one preparat ion  and stock  s o l u t io n  
i n  pure cy c lo h ex a n e  a r e  g iven  in  Tab le  3 . 8 .
Compound a n a l y s i s  was performed by neutron  a c t i ­
v a t i o n  a n a l y s i s .  T y p ic a l  r e s u l t s  a r e  as f o l l o w s :  ;4 Na, 
exper im enta l  7 . 4 1 ,  c a l c u l a t e d  8 .2 8 ;  fa A l,  experim enta l  
10.35» c a l c u l a t e d  9 .7 2 ;  ppm o x y g e n ^ S l  . I t  was not  
p o s s i b l e  to  do carbon and hydrogen a n a l y s i s  on pyro-  
phor ic  m a t e r i a l s  i n  t h i s  la b o r a to r y .  Several  commerical  
l a b o r a t o r i e s  were c o n t a c t e d  and a l l  d ec l in e d  to  make the  
a n a l y s i s .
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D e n s i ty  and v i s c o s i t y
Oyclohexane-nuj o l
d e n s i t y
(g /m l)
0 .7 7 0 2  
0.7670
0 .7 6 9 0
0 .7 6 9 4
0 .7 7 2 4
0 .7 7 3 4
0.7731
0 .7 7 5 0
0 .7 7 7 5
0 .78 22
v i s c o s i t y





9 .7 1 2
9 .8 4 2





C oncentrat ion  and c o n d u c t i v i t y  in  cyc loh exan e









0 .905  
1 .44  
2 .66  
1 .955  
< 4  X 10 -5
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C h a p te r  IV
D is c u s s io n  o f  R e su l t s
The primary purpose of  t h i s  study i s  to  determ ine  
t h e  r e l a t i o n s h i p  between the  v i s c o s i t y , a n d  th e  con d uct­
ance o f  an e l e c t r o l y t e  s o l u t i o n .  I t  i s  im portant  to  
r e c o g n iz e  th a t  an unequivoca l  t e s t  o f  the  v i s c o s i t y -  
c o n d u c t iv i t y  r e l a t i o n s h i p  has p r e v i o u s l y  n o t  been made.
I t  i s  the  unique nature  o f  EaAl ( b u t y l )4. t h a t  has  now 
made such a study p o s s i b l e .  Even h ere  we are  fa c e d  w ith  
c e r t a i n  l i m i t a t i o n s .  Conclusions  are  r e s t r i c t e d  to  th e  
c o n c e n tr a t io n  range in  which we were fo r c e d  to  work.
Thus, we cannot ev a lu a te  Walden's r u l e  in  i t s  o r i g i n a l  
form.
E i r s t  o f  a l l ,  i t  i s  n ece s sa r y  to  e v a lu a te  th e  
v a r io u s  e x p r e s s io n s  g iv e n  in  the l i t e r a t u r e .  The A 
p roducts  needed to  t e s t  equation 1 .3 are g iv e n  i n  Tables  
4 . 1 ,  4 . 2 ,  4 . 3 ,  4 . 4 ,  4 . 5 ,  and 4 . 6  a long  w ith  A y  products  
needed to  t e s t  equation  1.5* An a s t e r i s k  (•**) i n d i c a t e s  
products  in v o lv in g  data o f  q u e s t io n a b le  v a l i d i t y .
Observation o f  the  products  in  each c a s e  
c l e a r l y  i n d i c a t e s  t h a t  t h i s  product does n o t  remain  
c o n s ta n t  a s  one v a r i e s  the  p ercen t  o f  cy c lo h e x a n e .  Con­
s e q u e n t ly ,  one must conclude th a t  equat ion  1 .3  i s  c l e a r l y  
n o t  v a l i d  in  t h i s  s tudy .
c o n c lu s io n  i s  n o t  q u i t e  so c l e a r  as  i n  the  p r e v io u s  c a s e ,
Observation product r e v e a l s  th a t  th e
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Table 4.1
A Q p r o d u c t s ,  0 .1 4 7  m o la r
percent  10^ X 10^
cy c loh exan e  (mbfo-poise) (mho-poise)
100 1.291 1 . 681*
99 1 .263  2 .025
98 1 .222  1 .872
97 1.216 1 .897
96 1 .207  1 .929
95 1 .177  1 .8 5 4
94 1 .153  1 .815
93 1.171 1 .823
90 1 .119  1 .638
35 1.010 1 . 58 4
Table 4 . 2
^ j ^ a n d  / [ j  p rod ucts ,  0 .1495  molar
p ercen t  A  rt# X 10^ - A  *  X 10^
cyc loh exan e  (mho-poise)  (mhO-poise)
100 1.425 1 .377
95 1.275 1 .564
90 1.180 1.481
35 1.032 1 .323
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Table 4 .3
^ y ^ a n d ^ ^  p r o d u c t s ,  0 . 1 5 2  m olar
p erc en t  X 103 A t  X 10^
cy c lo h ex a n e  (mho-poise)  (mho-poise)
100 8.201 1.230
96 7 .8 4 9  1.169
97 7 .7 8 3  1.206
96 7 .6 4 4  1.168
95 7 .6 2 9  1.208
94 7 .7 4 4  1.206
90 7 .8 2 9  1.234
85 7 .3 7 4  1.108
Table 4 . 4
^ l ^ a n d  / [ y  p ro d u c ts ,  0 . 162 2
p e r c e n t  ^ 9 o X 10^ A *  X. 10^
cy c lo h ex a n e  (mlft-poise)  (mho-poise)
100 1 .743  2 . 726*
99 1.741 2.575
98 1.701 2.628
97 , 1 .696 2.622
96 1 .683  2.592
95 1 .652  2.550
94 1 .652  2.565
93 1 .615  2.476
90 1 .599  2.509








Table 4 . 5  
A andA  |j p r o d u c ts ,  0 .1 705  molar
A  •)©* 1 ° 4
(m ho-poise )
2 .6 7 7 *
3 .3 4 3
3 .0 8 9
2 .4 9 3
Ait  2  104
(mho-poise)
4 .0 1 7 *
4 .5 3 2
4 .2 7 3
3 .493
Table 4 . 6
^ ^ a n d . ^  ij p r o d u c t s ,  0 .2 3 0  molar
percen t  ^ i l a X’ 10^ A f t  ■£ 10^
cyc lohexane (m no-poise )  (mho-poise)
100 1 .5 6 3  2 .5 3 2
95 1 .4 8 0  2 .8 4 5 *
90 . 1 *536 3 .0 0 9
35 1 .2 4 5  2 .3 1 2
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but c a r e f u l  o b s e r v a t io n  shows a g e n e r a l  d e c l i n e  i n  the  
v a lu e  o f  t h i s  product a s  the  p er c en t  o f  cyc lohexane i s  
d e c r e a s e d .  Th is  f o r c e s  us to  say th a t  i n  t h i s  study  
eq u a t io n  1 .5  i s  not v a l i d  and t h e r e f o r e  one would not  
be j u s t i f i e d  i n  u s in g  the'Seward method, equation  1 .6 ,  
t o  determine th e  d egree  o f  d i s s o c i a t i o n  of  a s a l t .
No d i r e c t  t e s t  o f  the  v a l i d i t y  of  V/alden's r u l e ,  
eq u a t io n  1 . 4 ,  has been p o s s i b l e  because i t  has been 
i m p o s s ib le  to  measure d i r e c t l y  or to e x t r a p o la t e  to  
th e  v a lu e  of  A o  as one approaches i n f i n i t e  d i l u t i o n ,  
a s  i s  c l e a r l y  shown i n  .Figure 4 . 1 .  F igure  4 .2  shows 
t h e  behavior  of  the v i s c o s i t y  as a f u n c t i o n  of  the  
c o n c e n t r a t io n  o f  the s a l t  in  cyc loh exan e  f o r  comparison.  
The p o s s i b l e  s i g n i f i c a n c e  o f  the  shapes o f  t h e s e  cu rves  
w i l l  be d i s c u s s e d  l a t e r .
The r e s u l t s  of t h e  t e s t  o f  th e  v a l i d i t y  o f  the  
Johnston  eq u at ion ,  eq u a t io n  1 .7 ,  may b e s t  be presented  
by g r a p h ic a l  methods. Such r e s u l t s  are p resen ted  in  
F ig u r e s  4 . 3 ,  4 . 4 ,  4 . 5 ,  4 . 6 ,  4 . 7 ,  and 4 . 3 .  The l i m i t s  
o f  error  were determined by tak in g  the  a p p r o p r ia te  error  
i n  each q u a n t i ty  b e fo re  tak in g  th e  logar lthum . Least  
square f i t t i n g  procedure was used in  each ca se  to  d e t e r ­
mine the  b e s t  l i n e .  By p l o t t i n g  l o g  A  v s  l o S 1/j^ a 
s t r a i g h t  l i n e  would i n d i c a t e  th a t  the  r e l a t i o n s h i p  i s  
v a l i d .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  t h e r e  appears to
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Figure 4.1  




0 . 1 0 . 2 0 . 40 .3
C oneen tra t ion
F igu re  4 . 2  




0.1 0 . 2  0 . 3  0 . 4
G oneentrat ion
33
F ig u r e  4 .3
Log A  v s  lo g  1/7? , 0 . 1 4 7  m o la r
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F i g u r e  4 . 4
Log A  vs l o g  1/77  , 0.1495 molar
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? ± g u r e  4.5
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f igure  A.6
Log A  vs l o g  1 / 7 7  , 0.1622' m o la r
l o g  A  = 0 .9 6 7  l o g  1 /77  -  0 . 6 2 7
2 .1 0
2.02
l o g  A
-1 .86
- 1 . 7 3
1 .7 0
1 .’18 - 1.32
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P i g u r e  A.7  -
Log A  vs  l o g  1 / 7 7  , 0 . 1 7 0 5  m o la r
l o g  A  = 1 .583  l o g  1/77  - 0 . 3 0 4
- 1 . 8 6
- 1.78
log A
- 1 .6 2
- 1 . 1 6 -1 .24  
l o g  1/77
- 1 . 3 2
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F i g u r e  4 . 8
Log A  vs l o g  1 / 7 7  , 0.230 m ola r
log A = O.636 log 1/77 - 1.015
- 2 . 1 4
-2.06
l o g  A
- 1 . 9 8
- 1.90
- 1 . 8 2
- 1 . 7 4
-1 .2 6  
log 1/77
- 1 . 1 8 - 1 . 3 4
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be l a r g e  d e v ia t i o n s  from l i n e a r i t y  a t  low er  c o n c e n tr a t io n s  
but the  r u le  g i v e s  a b e t t e r  f i t  o f  the  data  as  one^ increa— 
s e s  c o n c e n tr a t io n .  This type o f  behavior  has  a l s o  been 
noted  by Pospekov (22)  in  the  behavior  o f  SbBr-j in  to lu e n e ,  
AlBr-j i n  t o lu e n e ,  and AlBr-j i n  e t h y l  bromide where the  
v i s c o s i t y  was changed by changing c o n c e n t r a t io n s .  The 
minimum c o n c e n tr a t io n  in  which agreement w ith  experiment  
was ob ta ined  were 29 and 25 mole p ercen t  o f  s a l t  r e s p e c t ­
i v e l y .  In the  ca se  o f  the 0 . 2 3 0  molar s o l u t i o n ,  the  
curve i s  d e f i n i t e l y  l i n e a r  and has an n va lu e  o f  0 .6 1 1 .
One must conclude th a t  t h i s  e x p r e s s io n  i s  v a l i d  a t  h ig h er  
c o n c e n t r a t io n s  but i t  i s  n o t  v a l i d  a t  Lower c o n c e n t r a t io n s .
One would hope to  be a b le  to  f i n d  an e x p r e s s io n  of  
more g e n e r a l  v a l i d i t y  than t h a t  o f  equat ion  1.7* In 
F igu res  4 . 9 ,  4 . 1 0 ,  4 . 1 1 ,  4 . 1 2 ,  4.13> and 4 . 1 4 ,  a p l o t  of
vs  A  i s  g iv e n .  P o in ts  in v o lv in g  q u e s t io n a b le  
exper im ental  data have been excluded from the  l e a s t  
square f i t  f o r  the l i n e .  I t  can be seen th a t  th e r e  i s  a 
l i n e a r  r e l a t i o n s h i p  in  each c a s e .  The equation  i s  o f  the  
form:
A  k 1 > = k2 >
The v a lu e s  of  the  c o n s t a n t s  k̂ j and k2 are g iv e n  in  
Table 4 . 7 .  The average v a lu e  o f  k̂  i s  4 . 0 4  X 10“-* p o ise  
w ith  a probable  error  o f  0 . 7 3  X 10“  ̂ p o i s e  and k2 has an 
average v a lu e  o f  9 .2 0  X 10"-* mho-poise-cm2/ e q  w ith  a 
probable error  o f  2 . 0 2  X 10“5 mho-poise-cm2/ e q .  As was
c
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P i g u r e  4 . 1 1
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Table 4 .7  
C o n cen tr a t io n s ,  k 1 , and k2
c o n c e n tr a t io n  k 1 X 10^ k2 X 10^
0 .1 4 7  3 .6 7  7 .4 7
0 .1 4 9 5  4 .6 5  6 .8 6
0 . 1 5 2  2.11 7 . 6 3
0 .1 6 2 2  3 . 9 0  9 .9 9
0 .1 7 0 5  5 .5 9  14.97
0 .2 3 0  4 .3 0  8.31
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p o in ted  out  e a r l i e r ,  i t  was im p o s s ib le  t o  prepare two 
b a tch es  o f  the  compound th a t  have the  same amount o f  
t h e  monobutoxide. The monobutoxide i s  not  a conductor  
and hence e x i s t s  as io n  p a i r s .  Due' to  t h i s  f a c t  the  
num erica l  v a lu e  o f  the  c o n c e n tr a t io n  may not  g i v e  the  
t r u e  c o n c e n tr a t io n  o f  the  conducting s p e c i e s .  One may 
say w ith  c e r t a i n t y  however, th a t  the  co n c e n tr a t io n  o f  
th e  conducting  s p e c i e s  i s  the  same i n  each s o l u t i o n  w ith ­
i n  a s e r i e s .  T herefore ,  the  comparison w i th in  a g iv e n  
s e r i e s  are  v a l i d ,  but one should n o t  be su rp r ised  to  see  
v a r i a t i o n s  w i th in  a g iv e n  property  as one changes ap­
parent  c o n c e n t r a t io n .  Study of  F igure  4.1 r e v e a l s  th a t  
r a t h e r  sm all  changes i n  co n c e n tr a t io n  o f  the  conducting  
s p e c i e s  cou ld  r e s u l t  i n  ra th er  l a r g e  changes in  conduct­
i v i t y .  I t  would a l s o  appear from Figure  4 . 2  th a t  the  
i o n  p a ir s  have a d i f f e r e n t  e f f e c t  on th e  v i s c o s i t y  than  
do charged i o n s .  Only in  t h i s  way can one account f o r  
the  sharp drop i n  the  v i s c o s i t y  occuring a t  the same 
c o n c e n tr a t io n  as  the  drop in  c o n d u c t i v i t y .  This c o r r e ­
l a t i o n  may provide a new method of  study of  the nature  
o f  the  e l e c t r o l y t e  s p e c i e s  in  s o l u t i o n s  o f  h ig h e r  con­
c e n t r a t i o n .  Such a method would probably be l i m i t e d  to  
s u f f i c i e n t l y  co n cen tra ted  s o l u t i o n s  in  order f o r  one to  
d e t e c t  the  v i s c o s i t y  change.
I t  would then  appear th a t  th e  monobutoxide has a 
d i f f e r e n t  e f f e c t  on the  v i s c o s i t y  o f  the  s o l u t i o n  than
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does N a A ltb u ty l )^ .  One must a l s o  p o in t  out th a t  th e re  
i s  no independent v e r i f i c a t i o n  o f  t h i s  f a c t  because the  
monobutoxide i s  not  s u f f i c i e n t l y  s o lu b le  in  cyc lohexane  
to  permit d i r e c t  e v a lu a t io n  o f  t h i s  p o in t .
Equation 4.1 i s  the  most g e n e r a l  r e l a t i o n s h i p  we 
cou ld  f in d  f o r  t h i s  system . Other s im ple r e l a t i o n s h i p s  
between th e  v a r io u s  q u a n t i t i e s  were t r i e d  w ithou t  s u e e s s .  
Of p a r t i c u l a r  i n t e r e s t  i s  the  equat ion  d er iv ed  by r e ­
arrangement o f  Onsager's  l i m i t i n g  law , equation  1 . 1 ,  which  
may be w r i t t e n  i n  the  form:
Y) ( / |  -  !c3 ) = ( 4 . 2 )
An example o f  a  p l o t  o f  A ty  v s  f o r  the  data  i s  g iv e n  
in  E igure 4 . 1 5 .  P l o t s  o f  the  data  a t  o ther  c o n c e n t r a t io n s  
y i e l d  th e  same g e n e r a l  r e s u l t s .
In order t h a t  equation  4.1 be v a l i d ,  i t  i s  n e c e s sa r y  
t h a t  th e r e  i s  th e  same degree o f  i n t e r a c t i o n  between the  
s a l t  and each .of th e  two s o l v e n t s .  This can be t e s t e d  
by eq u at ion  1 . 9 .  This approach has been used by Gorenbein  
( 3 0  w ith  v a r io u s  s a l t s  i n  t o lu e n e  and x y le n e .  The 
r e s u l t s  o f  our work are  g iv e n  i n  Tables 4 . 8 ,  4 . 9 ,  4 .1 0 ,  
4 . 1 1 ,  4 . 1 2 ,  and 4 . 1 3 .  Study o f  th e  d ata  r e v e a l s  th a t  
the  c o n d i t i o n  -has been m oderate ly  w e l l  met.
When one a p p l i e s  equation  4.1 to  data  where the  
assum ption  would not be expected  to  be v a l i d ,  such as  
th e  data  o f  Stokes  (32) which i s  p resen ted  i n  Table 4 .1 4  
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(P  and
p e r c e n t
cyc lohexane
T ab le  4 . 8
p e r c e n t  c y c lo h e x a n e ,  0 .1 4 7  m o la r
100 0 .1 2
99 0 .2 3
98 0 .2 3
97 0 .2 3
96 0 .2 3
95 0 .2 3
94 0 .2 3
93 0 .2 2
90 0 .2 2
85 0 .2 3
Table 4 .9
( P  and p ercen t  c y c lo h ex a n e ,  0 .1 4 9 5  molar
p erc e n t  ^
cyc loh exan e  Hr
100 0 .1 3
95 0 .1 3
90 0 .1 0
35 0.11
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T a b le  4 .1 0
(p  and p e r c e n t  c y c lo h e x a n e ,  0 .1 5 2  m o la r










(p  and p erc e n t  cy c lo h ex a n e ,  0 .1622  molar
p erc en t
cyc lohexane <P
100 0 .2 3
99 0 .2 3
98 0 .2 3
97 0 .2 3
9o 0 .2 3
95 0 .2 3
94 0 .2 2
93 0.21
90 0 .2 3




0 . 2 2
0 .21
0 .2 3
0 . 2 0
0 .2 3
0 . 2 0
Table  4.11
T a b le  4 .1 2
( p  and percen t  cy c lo h ex a n e ,  
p e rc en t
cyc lohexane  ( p
100 0 . 2 0
95 0 .1 4
90 0 .1 5
85 . 0 .1 6
Table 4 .1 3
(P  and p ercen t  cy c lo h ex a n e ,
p e r c e n t  _
cyc lohexane
100 0 .2 5
95 0 .3 8
90 0 .3 8
85 0 .3 4
0 .1705  molar
0 .230  molar
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Table 4 .1 4
K O l-sucrose-w ater
p ercent  ^  ^  *  , * 9
su crose  (mho-cmv eq) ( m i l l i p o i s e )  (mho-poise-cmK
eq)
10 121 .37  11 .79  7 6 .2  1.436
20 9 4 .2 6  16 .99  7 3 .7  1.565
40 4 4 .0 2  51.71 6 7 .7  2.981
60 1 0 .4 3  ' 4 3 7 .3  6 0 .2  4 .5 3 2
54
One can a l s o  p o in t  out th a t  i t  should be p o s s i b l e  
to  make an u nequ ivoca l  e v a lu a t io n  o f  Malden's r u l e  using  
t h i s  system i f  i t  becomes p o s s i b l e  to  make pure 
N a A l(b u ty l ) ^ .  One would then be j u s t i f i e d  in  u s in g  D.O. 
methods to  measure c o n d u c t i v i t i e s  o f  the  very  d i l u t e  
s o l u t i o n s  and g e t  data  t h a t  would a l lo w  an e x t r a p o la t io n  
to  determine
As a r e s u l t  o f  t h i s  s tudy ,  one can conclude  th a t  
th e  f o l lo w in g  em p ir ic a l  eq u at ion s  are  v a l i d  under the  
c o n d i t i o n s  c i t e d :
/ \  f j  -  c o n s ta n t  (1 .7 )
w ith  con cen tra ted  s o l u t i o n s  when one may have n e a r ly  
c o n s ta n t  i o n - s o l v e n t  i n t e r a c t i o n .  I t  may a l s o  be v a l i d  
i n  the  r e g io n  o f  i n f i n i t e  d i l u t i o n ,  but t h i s  cannot  
p r e s e n t l y  be determined.
A  ( <Jo- *1 ) = k 2
when the s o l u t i o n  i s  behaving i n  such a manner th a t  one 
can expect  a c o n s ta n t  v a lu e  o f  Q j .
One a l s o  con c lud es  t h a t  the extended form o f  Walden's 
r u l e ,  w r i t t e n  i n  th e  form:
= c o n s ta n t  (1 .5 )
i s  n o t  v a l i d  even when ^  i s  a c o n s t a n t  and t h e r e f o r e
one i s  n o t - j u s t i f i e d  in  u s in g  the Seward method, equation
1 .6 ,  to  determine the  degree  o f  d i s s o c i a t i o n  o f  an 
e l e c t r o l y t e  in  s o l u t i o n .
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